Abstract: In order to obtain hydrophobic materials, the surface of natural limestone with the high content of calcite was treated with different amounts (0.5, 1, 1.5, 2, 3 and 4 %) of stearic acid. Two methods were used for the modification: the solution and the dry coating methods. Using the solution method, it was suggested that at lower initial concentrations of stearic acid, the surfactant monomers initially sorbed forming a monolayer on the calcite surface, which then in the presence of excess surfactant develops into a bilayer configuration. When the dry coating method was applied, some form of bilayer existed on the calcite surface, even when the amount of stearic acid was low. The effect of surface modification by both methods was evaluated by the floating test, which represents the ratio of the floating product to the overall weight of the sample after mixing in water and stirring vigorously. This ratio is called the active ratio. Measurement of the active ratio showed that at the lowest surface coverage of calcite with stearic acid, the active ratio for the solution method was 65.5 % and 55.5 % for dry coating. Using the solution method, an active ratio over 99.9 % was achieved with 1.5 % stearic acid, while by dry coating, the same active ratio was obtained with 3 % stearic acid.
INTRODUCTION
Polymers are often mixed with various particulate additives and fillers in order to produce a new class of materials, usually called polymeric composites. 1, 2 Calcium carbonate is the most widely used filler for thermoplastics and composite materials. 3 It is usually obtained by grinding the natural mineral or synthetic calcite prepared by carbonatization of a calcium hydroxide solution. Calcite, the most abundant mineral on earth, is one of the oldest manufactured powders, while precipitated calcium carbonate was first prepared almost a hundred years ago. 4 Surface modification of calcium carbonate with hydrophobic species led to a great expansion of the applications of this mineral for the preparation of polymeric composites, since the high energetic hydrophilic surface of the unmodified mineral is incompatible with the low-energy surface of hydrophobic polymers, e.g., polyethylene and polypropylene. 2, 4 Modification of the surface of calcium carbonate with surface modifiers, such as silane coupling agents, phosphate coupling agents or fatty acids (stearic acid), often converts its surface into an organophilic one, which improves its dispersibility in polymeric media. [5] [6] [7] [8] As a result of the organic coating, a monolayer of long chain hydrophobic surfactants is attached to the mineral surface. This combination of materials results in new desirable properties. For example, hydrophobic mineral fillers are added to a polymer matrix to improve the mechanical properties, dimensional stability and surface hardness. 9, 10 . The structure and properties of such an organic film at the calcium carbonate surface have a strong influence on the final properties of the composites because this film represents the interface between the two phases of the heterogeneous material. The use of the optimum amount of surfactant for the treatment is both a technical and an economical issue. If the amount of surfactant used is low, the desired effects are not achieved, while the application of excessive amounts leads to processing problems, inferior mechanical properties and increased price. 11 Additionally, it is well known that the way of preparation of the hydrophobic calcium carbonate influences the properties of the obtained product. On laboratory scale, dry coating and the solution method are the most widely applied calcium carbonate coating techniques. Dry coating consists of blending the calcium carbonate with a surfactant in a highintensity mixer at temperature above 100 °C, while the solution method usually includes treatment of the calcium carbonate with a solution of the surface modifier in a non-polar solvent. 4 Many papers reported the properties of hydrophobic calcium carbonate directly obtained from precipitated calcium carbonate by both methods. 5, 12 However, only a few papers described the results of dry and solution treatment of natural calcite mineral with an organic modifier. 13 In this study, natural calcite was treated with different amounts of stearic acid by the dry coating and the solution method. The aim of these investigations was to compare the two modification processes as well as to determine the influence of the modification method on the physico-chemical properties of obtained products
EXPERIMENTAL
The natural material used in this study was limestone from the Venčac Deposit (Aranđelovac, Serbia). The <5 μm fraction of the natural limestone was used as received, without any further classification. The mineralogical composition of the starting material showed that it consisted primarily of calcite mineral (over 95 %), with smaller amounts of opal, limonite-getite and wollastonite, as measured by X-ray powder diffraction analysis (XRPD). The specific surface area (SSA) of the starting calcite powder, determined by the Brunauer-Emmet-Teller gas adsorption method (nitrogen), was 4.8 m 2 /g. The chemical composition of the natural limestone, determined by atomic absorption spectrophotometry (AAS) using a Perkin-Elmer 703 instrument, is presented in Table I.  Table I .
From the chemical composition (Table 1 .), the calculated amount of calcite was 95.97 %, confirming the results of XRPD analysis. The starting material was treated with stearic acid (Sigma-Aldrich Co., chemical grade) as a surfactant to yield different surface coverage of the calcite. The amounts of stearic acid used for the modification of the calcite surface using the solution method and dry coating were 0.5, 1, 1.5, 2, 3 and 4 %. The characteristics of the stearic acid are presented in Table II.  Table II. The solution method (S) was performed according to a modified procedure published by Rezaei Gomari et al. 14 Thus, 10 g of calcite was dispersed in 100 mL of warm distilled water and then the required amount of stearic acid dissolved in 10 mL of chloroform was added to the calcite suspension. Each suspension was stirred at 4000 rpm for 15 min at 50 °C. Subsequently, the suspensions were centrifuged at 10000 rpm for 10 min, washed with distilled water and dried at 50 °C. The obtained products were denoted as CS-0.5, CS-1, CS-1.5, CS-2, CS-3 and CS-4.
The dry coating (D) was realized in a vibro mill with rings (KHD Humboldt Wedag-Pulverizator) into which 100 g of calcite, heated at 70 °C, was added together with the required amount of solid stearic acid. The activation time was 7 min. The obtained products were denoted as CD-0.5, CD-1, CD-1.5, CD-2, CD-3 and CD-4.
The amount of stearic acid adsorbed onto the calcite surface was followed by thermogravimetry. Thermal analysis was performed on a Netzsch STA 409 EP simultaneous TG-DTA apparatus. The samples were heated (20-1000 °C) in an air atmosphere at a heating rate of 10 °C min -1 .
The effect of surface modification was evaluated by the floating test reported by Sheng et al., 5 which represents the ratio of the floated product to the overall weight of the sample after mixing in water and stirring vigorously. This ratio is called the active ratio.
The IR spectra of the starting calcite as well as of CS-3 and CD-3 were recorded on a Perkin-Elmer Model 983 G spectrometer using the KBr pellet technique in the range from 4000 to 250 cm -1 .
RESULTS AND DISCUSSION
During both modification of natural calcite processes (solution method and dry coating), different amounts of stearic acid (0.5, 1, 1.5, 2, 3, and 4 %) were applied. In order to determine the differences between the modification processes, the samples were analyzed by thermal methods (DTA and TGA). The differential thermal analysis (DTA) and differential thermogravimetric (DTG) curves of the products obtained by solution method and by dry coating are presented at Figs. 1 and 2, respectively. The thermal curves of pure stearic acid are given in Table II . Fig. 1 . Fig. 2 .
As can be seen from Figs. 1 and 2, differences in the DTA (a) and DTG (b) curves of calcites modified by the solution method and dry coating (CSs and CDs) were observed. Generally, for calcite modified with fatty acids, two steps are observed in the temperature range 25-600 °C. The first step, between 25 and 200 °C, corresponds to the loss of water or to the elimination of physisorbed acid that was not removed by the washing procedure, while the main step, between 200 and 400 °C corresponds to the oxidation of the organic substance that is chemisorbed at the calcite surface. 13 The third step commences around 600 °C and corresponds to the decomposition of calcite. In order to follow the adsorption of stearic acid on the surface of calcite, two temperature regions are of importance to follow the adsorption of stearic acid (20-200 °C and 200-400 °C). The weight losses from the TG curves (not shown) are presented in Table III.  Table III For the CS samples, no endothermic peaks were observed on the DTA curves in the first region up to 200 °C (Fig. 1a) . Additionally, For all the modified CSs, except for CS-0.5, no peaks on the derivative DTG curves (Fig. 1b) were observed in this temperature region As can be seen from Table III , the weight loss in this temperature region decreased almost linearly with increasing amount of stearic acid on the calcite surface.(from 0.60 % for CS-0.5 to 0.28 % for CS-4). Since the weight loss in the first temperature region can corresponds to either the loss of water or to the elimination of physisorbed acid, the decrease of the weight loss in this region, as well as the absence of DTG peaks, indicates that desorption of physisorbed water from the partially covered calcite surface was the major thermal reaction in this temperature region. The second region, between 200 °C and 400 °C, on the DTA curves is characterized by exothermic peaks resulting from the oxidation of the organic substance on the calcite surface. For CSs modified with lower amounts of stearic acid (0.5, 1, 1.5 and 2 %), one principal exothermic peak (at a temperature > 310 °C) was recorded. When the amount of surfactant on the calcite surface increased, besides the principal exothermic peak at around 340 °C, a weak shoulder and second exothermic peak can be distinguished for the samples CS-3 and CS-4 (at 217 and 284 °C). The relative intensity of the exothermic peaks increased with increasing amount of stearic acid on the calcite surface. In addition, the position of the principal exothermic peak shifted from 312 °C to 345 °C with increasing amount of stearic acid on the calcite surface. Since, the degree of adsorption of stearic acid by the calcite has an effect on the thermal weight loss of the CSs in this temperature range, the weight loss increased from 0.42 % for CS-0.5 to 3.15 % for the calcite with the highest amount of adsorbed stearic acid, CS-4 (Table III) . This is in accordance with one intensive derivative peak at ≈310 °C on the DTG curves of CSs. The relative intensity of this derivative peak increased with increasing amount of stearic acid on the calcite surface.
For CDs modified with lower amounts of stearic acid (1, 1.5 and 2 %), a broad endothermic peak at ~120 °C was observed on the DTA curves in the first temperature region (Fig 2a) . The weight loss in first temperature region for CD-0.5, CD-1, CD-1.5, CD-2, CD-3 and CD-4 was 0.19, 0.31, 0.36, 0.47, 0.39, and 0.42 %, respectively. On DTG curves (Fig. 2b) for CD-1, CD-1.5 and CD-4, a broad derivative peak at 115 °C, 120 °C and 144 °C, respectively, was noticed. On the DTA curves of the CDs in the second temperature region, a sharp exothermic peak was recognized at a temperature > 310 °C. The relative intensity of this peak increased with increasing amount of stearic acid on the calcite surface; also, the position of this peak shifted to higher temperatures with increasing amount of stearic acid. Additionally, except for CD-0.5, a second exothermic peak was observed at temperatures below 250 °C. The relative intensity of this peak also increased with increasing amount of stearic acid on the calcite surface and simultaneously, shifted to lower temperatures with increasing amount of stearic acid on the calcite surface. The weight loss in this temperature region, increased from 0.42 % for CD-0.5 to 3.04 % for CD-4, the calcite with the highest amount of stearic acid (Table III) . On the DTG curve, an intensive peak at a temperature above 300 °C was observed, with increasing amount of stearic acid adsorbed on the calcite. The position of the principal derivative peak shifted from 297 °C for CD-0.5 to 331 °C for CD-4. In addition, for CD-1.5 and CD-4, a weak derivative shoulder at ≈ 235 °C was recorded. Thus, the weight loss in first temperature region and the appearance of several peaks on the DTG curves regardless of the amount of stearic acid on the calcite surface indicated that the stearic acid was inhomogeneously bound to the calcite surface during dry coating.
Comparing the DTA curves of the calcites obtained by the solution method with those of the calcites resulting from dry coating (Figs. 1a and  2a) , it can be seen that regardless of the manner of preparation, the temperature of the principal exothermic peak was almost the same, while the other exothermic peaks appeared at much lower temperatures when dry coating was applied. An additional weak shoulder (at 217 °C) and second exothermic peak (at 284 °C) were observed for the CSs when the concentration of stearic acid was ≥3 %, while for the CDs, the second exothermic peak was noticed even at low initial stearic acid concentrations -1 %. When dry coating was employed, a shift of the second exothermic peak toward lower temperatures was noticed (from 252 °C for CD-0.5 to 217 °C for CD-4). Additionally, it was observed that the temperature peak of stearic acid after adsorption by calcite by both modification processes was shifted compared to peak on the DTA curve for the pure surfactant (341 °C, Table  II ). Thus, from the position of the principal exothermic peak (> 310 °C) on the DTA curves for both CSs and CDs, it can be concluded that with both modification processes, the same active sites existed on the calcite surface onto which stearic acid could be chemisorbed. However, the position and the intensity of the other exothermic peaks indicate differences in the bonding of stearic acid to the calcite surface during the solution method and dry coating. Namely, fatty acids initially adsorbed on the calcite surface from solution form a monolayer, and when the calcite surface is fully covered, the surfactant continues to be adsorbed between the chemisorbed monolayer. Due to the attraction forces between the alkyl chains, the intercalated and chemisorbed molecules adopt a tail-to-tail arrangement. Such an arrangement leaves the carboxylic groups of the intercalated molecules protruding out of the organic monolayer, by which Osman and Suter 4 explained the lower decomposition temperature observed for the bilayer molecules. It is possible that with the solution method, the surfactant monomers are initially sorbed forming a monolayer on the calcite surface, and then in the presence of excess surfactant, they develop a bilayer configuration. When the dry coating is applied, the acid monomers are probably initially adsorbed at the calcite surface but the appearance of a second exothermic peak even at low initial stearic acid concentrations indicates the possibility of the presence of local bilayer formation even at lower treatment levels. On such samples, the tail groups would probably occupy space on the surface and overlap, while at higher initial stearic acid concentrations, a loosely packed bilayer is formed which grows to form a more densely packed bilayer.
For the practical application of hydrophobic calcite, an important parameter is the apparent surface area covered by one layer of fatty acid (plateau of the adsorption isotherm). It is reported in literature that maximum adsorption of fatty acid onto minerals is attained at concentrations below 0.01 M. 13, 14 . Since in this study, the highest concentration of stearic acid, used for modification was 0.014 M (4 %), the above results indicated that the amount of stearic acid required to obtain the completely hydrophobic calcite surface was 2 % when the solution method was applied. However, since the stearic acid was inhomogeneously bound to the mineral surface when dry coating was used, it is hard to predict when a monolayer of surfactant was formed. Additionally, it is well known that below and/or equal to monolayer coverage, the arrangement of alkyl chains at the mineral surface depends on the amount of surfactant used for the modification. Sullivan et al. 15 studied the adsorption of hexadecyltrimethylammonium (HDTMA) ions on a zeolite surface and reported that the HDTMA orientation may depend on the quantity of surfactant on the surface, with close parallel contact between the surfactant and the surface at low loading level and with perpendicular orientation at higher loading levels. Since, the weight loss in the second temperature range (200-400 ºC) may be used for the calculation of the surface concentration of acid molecules, 13, 14 these results are presented in Table IV.  Table IV. The cross sectional area per adsorbed stearic acid molecule was calculated using the following equation: (Table IV) for the solution method, the alkyl chains of stearic acid monomers seem to be positioned close to the calcite surface for the lowest amount of stearic acid (0.5 %), which was confirmed by the higher surface area per molecule, while further addition of stearic acid (1, 1.5 and 2 %) caused rearrangement of the alkyl chains to a more perpendicular position relative to the calcite surface, which was confirmed by the lower surface area per molecule. With excess surfactant (3 and 4 %), first a patchy bilayer and then a bilayer are formed. At lower initial concentrations of stearic acid, the calculated surface area per molecule for dry coating may originate from the alkyl chains of randomly adsorbed monomers and/or a local bilayer positioned close to the calcite surface, while increasing the amount of stearic acid caused rearrangement of the randomly adsorbed monomers and/or bilayer to a more perpendicular position, and with excess surfactant, a bilayer is formed. Thus, from the results of thermal analysis of both CSs and CDs, it is evident that with dry coating, some form of bilayer existed on the calcite surface, even when the amount of stearic acid was low, which makes the calcite surface inhomogeneous. The data confirmed the data of Osman and Suter, 4 who reported that economic dry coating often leads to inhomogeneous products due to the small amount of employed surfactant.
To investigate the effect of the amount of stearic acid on the calcites obtained by the solution method and by dry coating on the hydrophobicity of the obtained materials, the active ratio of each product was determined. These results are presented in Fig. 3 . Fig. 3 .
As can be seen from Fig. 3 , that at a lower surface coverage of calcite with stearic acid (0.5 %), the active ratios of the samples obtained by the solution method and by dry coating were 65.5 and 55.5 %, respectively. Furthermore, an active ratio over 99.9 % was achieved with 1.5 % of stearic acid by the solution method, while the same active ratio was obtained with 3 % of stearic acid by dry coating. Since it is reported in the literature that the higher the active ratio is, the better is the modification effect, the obtained results confirmed that with a higher hydrophobicity of the calcite surface was achieved by the applied solution method with a smaller amount of stearic acid, which is most likely due to the uniform arrangement of alkyl chains at calcite surface.
The calcites modified with 3 % of stearic acid by the solution method and dry coating were also characterized by IR spectroscopy and the IR spectra of the starting calcite and of the two modified products are shown in Fig. 4 . Fig. 4 .
As can be seen from Fig. 4 ., for both hydrophobic calcites, two intense bands around 2950 and 2850 cm -1 , assigned to the asymmetric (ν asym ) and symmetric (ν sym ) stretching vibration of C-CH 2 groups of the stearic acid alkyl chains, were observed. These vibration bands for hydrophobic calcites are characteristic of organic compounds on the mineral surfaces. 17 The IR spectra of the calcites obtained by the solution method and dry coating were similar, with a slight increase in the peaks intensities for the calcite modified using the solution method. No IR spectra changes were observed in the structural vibration region of calcite mineral, which is further evidence that the stearic acid molecules were present on the calcite surface.
The results reported in this paper showed that when solution method was used, the optimal amount of stearic acid needed to cover the calcite surface with a monolayer of organic molecules lies between 1.5 % and 2 %. Since it is well known that in the presence of water, the calcite surface is positively charged and that calcite surface will attract negatively charged molecules, such as the anionic form of stearic acid, 13, 18 the results reported in this paper suggest that for calcites obtained by the solution method, ionic interactions are responsible for retaining a lower surfactant layer on the charged surface, while hydrophobic bonding causes the formation of an upper surfactant layer. With dry coating, probably the combination of ionic interactions and hydrophobic bonding is responsible for the adsorption of stearic acid by calcite.
CONCLUSIONS
This study demonstrates the application of two preparation methods (dry coating and the solution method) to address the adsorption of stearic acid by calcite mineral. Thermogravimetric analysis of the obtained products yielded information about the bonding of the surfactant to the calcite surface and from the calculated surface area per molecule, the orientation of the alkyl chains on the surface was proposed. It is suggested that when the solution method was applied, at lower initial stearic acid concentrations (up to 2 %), the monomers of stearic acid were initially sorbed to the calcite surface, while with excess surfactant (3 and 4 %), a bilayer was formed. However, dry coating led to the formation of a bilayer on the calcite surface, even at low initial concentration of stearic acid. The results of the floating test showed that, compared with dry coating, a higher hydrophobicity of the calcite surface was achieved using the solution method with a smaller amount of stearic acid. The high hydrophobicity of the product obtained by the solution method, the low amount of stearic acid used for modification and the simplicity of modification procedure make this material suitable for practical application as a filler in the polymer industry Površina prirodnog krečnjaka, sa visokim sadržajem kalcita, je tretirana različitim količinama stearinske kiseline (0.5, 1, 1.5, 2, 3 i 4%) u cilju dobijanja hidrofobnog materijala. Za modifikovanje su korišćena dva postupka: "mokri" i "suvi" postupak. Utvrđeno je da kod "mokrog" postupka, pri nižim koncentracijama stearinske kiseline, aktivna materija formira monosloj na površini kalcita, a onda u prisustvu viška površinski aktivne materije razvijaju dvoslojnu konfiguraciju. Kod "suvog" postupka, postojala je forma dvostrukog sloja na površini kalcita, čak i kada je količina stearinske kiseline bila niska. Efekat površinskog modifikovanja kalcita je praćen proverom hidrofobnosti svakog uzorka (floating test) koja je određena kao odnos količine hidrofobnog proizvoda prema ukupnoj količini uzorka nakon njegovog potapanja i intenzivnog mešanja u destilovanoj vodi. Ovaj odnos je nazvan aktivni odnos. Određivanjem aktivnog odnosa je pokazano da pri najmanjoj pokrivenosti površine kalcita stearinskom kiselinom, kod "mokrog" postupka, on iznosi 65,5 %, a kod "suvog" postupka 55,5%. Kod "mokrog" postupka aktivni odnos od 99,9% je postignut sa 1.5% stearinske kiseline, dok je kod "suvog" postupka isti aktivni odnos postignut sa 3% stearinske kiseline. 
